A portable handheld laser-induced breakdown spectroscopy (HH LIBS) instrument was evaluated as a rapid method to qualitatively analyze rare earth elements in a uranium oxide matrix. This research is motivated by the need for development of a method to perform rapid, at-line chemical analysis in a nuclear facility, particularly to provide a rapid first pass analysis to determine if additional actions or measurements are warranted. This will result in the minimization of handling and transport of radiological and nuclear material and subsequent exposure to their associated hazards. In this work, rare earth elements (Eu, Nd, and Yb) were quantitatively spiked into a uranium oxide powder and analyzed by the HH LIBS instrumentation. This method demonstrates the ability to rapidly identify elemental constituents in sub-percent levels in a uranium matrix. Preliminary limits of detection (LODs) were determined with values on the order of hundredths of a percent. Validity of this methodology was explored by employing a National Institute of Standards and Technology (NIST) standard reference materials (SRM) 610 and 612 (Trace Elements in Glass). It was determined that the HH LIBS method was able to clearly discern the rare earths elements of interest in the glass or uranium matrices.
Introduction
Laser-induced breakdown spectroscopy (LIBS) is an analytical technique employed to perform rapid chemical analyses on a variety of materials, which are described in a number of review papers. [1] [2] [3] [4] [5] In short, a high-energy pulsed laser is focused on a sample surface forming a plasma. Photons emitted from the laser-induced plasma are then collected and focused with collection optics and analyzed spectroscopically. Laser-induced breakdown spectroscopy has been utilized across many sample types including solids, liquids, and gases and ranging over an infinite number of applications from underwater studies of shipwrecks 6 to geological analyses on Mars. 7 More recently, handheld (HH) LIBS technology has seen significant technical advancements such as miniaturized spectrometers, lasers, and software to enable commercial off-the-shelf (COTS) available systems to be deployed. [8] [9] [10] These advancements include improved spectral resolution (0.1 nm), the implementation of argon purging, and laser rastering to improve sampling. Additionally, HH LIBS can provide rapid chemical analysis with minimal to no sample pretreatment. Connors et al. 9 have recently demonstrated the utilization of a SciAps Z-500 HH LIBS instrument for performing chemical analysis on rocks and soils. The work not only quantified trace elements (Al, B, C, Ca, Cu, Fe, Mg, Mn, Na, Ni, S, Ti, and Zn), but also provided a template for mapping the presence of these elements across large areas on the single mm scale. Sensitivities were reported ranging from 100 ppm to percent levels. 9 Importantly, the small size of these HH LIBS instruments allows for the analyses to be carried out at the sample location (in situ) rather than having to transport the sample to a separate location. This is particularly important when analyzing the sample in the field or when handling radioactive or other hazardous samples where shipment/transportation can be laborious and/or hazardous.
Recently, Los Alamos National Laboratory (LANL) has explored the viability of HH LIBS to perform rapid chemical analysis for the Materials Recycle and Recovery (MR&R) program. Material identification issues that arise in the Los Alamos plutonium facility include unknowns both inside and outside the nuclear material processing lines. Legacy nuclear materials may be entrained in a variety of matrices depending on the type of process that generated the original material and the stage of processing achieved by a particular material batch. Knowledge of production methods and material origin provides a guide to material composition, but is not definitive, particularly for partially processed or legacy material. For this reason, the MR&R program has investigated the use of a HH LIBS instrument, which will assist in the characterization of not just the actinide content, but also the chemical composition of the non-actinide matrices of various materials, assisting in material determinations and perhaps nuclear material accountability. The speed with which these determinations can be made is expected to save many hours of labor by providing for the down selection of materials requiring a full chemical analysis by more sensitive and costly techniques.
In addition to nuclear material characterization, a portable HH LIBS will assist in the identification of other anomalous materials or material deposits outside of the processing lines. For instance, in chemical processing areas, it is possible for deposits to occur in components of the ventilation system or in areas through which water is circulated. Such occurrences are common outside of the nuclear processing world but take on a more particular significance within a nuclear facility. Material deposits that might be ignored in contexts that are more common often require determination of the composition within a nuclear facility. The HH LIBS is well-suited to this task and can provide an excellent, rapid first pass to determine if additional actions are warranted as MR&R could utilize the information to determine (ultimate) disposition path.
While traditional methodologies such as inductively coupled plasma optical emission spectroscopy-mass spectrometry (ICP-OES-MS) are commonly employed for these types of analyses, these processes generally involve sample transportation from a storage or staging area to a separate analytical facility. This transportation can be time-consuming and difficult due to the potential radiological hazards associated with the material. With this being said, it is imperative to rapidly characterize these materials such that the major and minor constituents are known on-site as soon as possible so that appropriate actions can be taken.
In the present work, uranium oxide (U 3 O 8 ) was doped with rare earth elements (Nd, Eu, and Yb). These samples were analyzed with a SciAps Z-500 HH LIBS analyzer ( Fig. 1) . Further information regarding the HH LIBS analyzer is presented in the experimental section. It is vital to not only identify the matrix, uranium in this case, but also any impurities that are present. Rare earth elements (REE), in particular, are commonly present in nuclear material over a range of concentrations. 11 Rare earth elements are generally found in the parent material for nuclear fuels and are formed later as fission products in a reactor. 13 Importantly, the accurate measurement of these REEs in uranium provides vital information in the field of nuclear forensics for origin determinations. 13, 14 More specifically, there has been plentiful research dedicated to the application of LIBS to the analysis of actinide species such as uranium and plutonium. 15, 16 Here, methodology development by HH LIBS was performed with an emphasis placed on sensitivity, accuracy, and analysis time. It is envisioned that, with a more fully developed method, along with a custom spectral library developed with the instrument manufacturer, users could rapidly identify unknown materials so that sorting and processing can be streamlined.
Experimental

Sample Preparation
The certified reference material (CRM 124-7) composed of uranium oxide (New Brunswick Laboratory, Argonne, IL, USA), neodymium oxide, europium oxide, and ytterbium oxide, all from Sigma Aldrich (USA), was employed for these studies. In addition, National Institute of Standards and Technology (NIST) standard reference material (SRM) 610 and 612 (Gaithersburg, MD, USA), trace elements in glass, were employed as a means of standardizing the HH LIBS methodology for rare earth elements. In order to promote cleanliness of the HH LIBS nozzle, these powders were encapsulated in clear tape. The sample was then placed onto the LIBS nozzle for analysis. This assisted in preventing the dispersion of particulates into the HH LIBS nozzle or in the surrounding areas. The HH LIBS software was controlled such that cleaning shots were performed to ablate through the tape before directly hitting the sample. The mixtures were prepared gravimetrically and placed into a mixing vial that was shaken by a SPEX 5100 mixer/mill (Metuchen, NJ, USA) for 2 min before deposition onto the tape. Each mixture was composed of a uranium matrix with varying compositions of REE in the range of 1-20% in each sample.
Handheld Laser-Induced Breakdown Spectroscopy Instrumentation
A SciAps (USA) Z500 HH LIBS analyzer was employed for all LIBS analysis. SciAps Profile Builder software was used to control the LIBS system and process the data. Additional data analysis was performed in Microsoft Excel. This analyzer is equipped with a spectrometer with a spectral range of 185-865 nm and a resolution at 0.1 nm full width at halfmaximum (FWHM) < 400 nm and 0.3 nm > 400 nm and time-gated charge-coupled device detectors. The laser system consists of a focused (50 mm) 5 mJ diode pumped solid state laser at 1064 nm at 10 Hz. An argon purge was employed directly to the sample surface at the location of the laser-induced plasma. The analyses performed utilized the supplied battery associated with the instrument to mimic in-field employment, which can provide up to 10 h of operational usage. Data were displayed for initial examination on the screen of the instrument as well as collected to a tethered laptop computer. Each day, the spectrometer was calibrated by ablating an inside portion of the LIBS system (stainless steel) and correcting for any peak spectral shifts.
The LIBS sampling protocol was performed so that 12 sequential spots (50 mm) were analyzed in a 4 Â 3 rectangular grid with 20 mm steps. Each location utilized ten cleaning shots in order to ensure tape breakthrough followed by three data collecting shots. These three spectra were analyzed and averaged with the software. Then, data from the 12 locations were averaged. These individual spectra could be processed individually (i.e., for elemental mapping), but for the sake of these experiments, they were averaged to provide a value representative of the ablated area. Each reported analysis was performed such that this LIBS methodology was performed at five different locations on a given mixture. 
Discussion
Uranium, Europium, Neodymium, and Ytterbium Emission Lines
Handheld LIBS was first employed to analyze uranium (CRM 124-7) so that a spectral database could be developed by the SciAps engineers (Profile Builder v2.17.23). CRM 124-7 is a uranium oxide (U 3 O 8 ) with minimal trace impurities. The CRM 124 series consist of seven (1-7) mixtures containing selected trace elements. CRM 124-7, however, is composed of the matrix material alone. Impurity values are listed in the certificate of analysis.
Utilizing the method described above, uranium spectra were generated and the database was updated by the SciAps engineers to include uranium. The same was also employed for neodymium. Europium and ytterbium had previously been defined in the SciAps database. Subsequent to updating the spectral database (15 uranium emission lines), the CRM-124-7 was reanalyzed and the broadband emission spectra can be seen in Fig. 2 . This was performed so that to test the software's ability to determine the presence of uranium. It is readily seen that the software was able to completely identify the uranium emission lines present. The software also detected carbon emission lines due to the presence of carbon in the tape, but this element was ''disabled'' due to the known occurrence. Figure 3 depicts that four emission lines (409.01, 502.74, 591.50, and 869.13 nm) dominated the spectral range and these were chosen for this study. These are common emission lines used for the analysis of uranium, particularly the 409.01(II) nm line that is commonly employed for ICP-OES and LIBS analysis. 17, 18 The emission spectrum for the rare earth elements, Eu, Nd, and Yb (top to bottom), can be seen in Fig. 4 
Response Curves of the Rare Earth Elements in Uranium Mixtures
The REEs were then mixed into a uranium matrix to determine analyte detection in the presence of U interferents. It is well known that the complex emission spectrum of uranium, and other f-block elements, can complicate the analysis of trace elements. This has also been reported in ICP-OES studies in which separation of the uranium matrix must first be employed. 19, 20 As such, the REEs here doped into the U matrix at higher concentrations in the range of 1% weight/ weight to 20%. trend lines. This effect is clearly seen in the emission spectra (Fig. 4) . While the detection of Nd was not as sensitive, it still exhibited a very linear response, correlating to its percentage in uranium. The lack of sensitivity in the Nd measurement compared to the Eu and Yb is also commonly seen in other spectroscopic techniques (i.e., ICP-OES) whereas Eu and Yb have > 10 Â improved detection limits in comparison to Nd. 21 It should be noted, that none of the emission lines selected for these calculations appeared to have overlapping spectral interferences from uranium.
Individual error bars for each data point highlight the spot-to-spot reproducibility or relative standard deviation (%RSD) of the measurements. Generally, the %RSD was low with regards to how the sample was prepared and analyzed. For Eu, the %RSD was in the range of 8-28% with increasing deviation at higher concentrations. In addition, the 420.51 nm emission line had a lower %RSD compared to the 443.56 nm emission line. Nd and Yb had similar trends with %RSD in the range of 10-30% and each displaying a more favorable line (Nd 415.61 nm and Yb 328.94 nm). Improving the sample preparation procedure will likely greatly improve these response curves. Lal et al. 22 has previously demonstrated that preparing powders into pellets typically improves %RSD by ten times. This technique demonstrates great promise as a rapid method to identify lanthanides and actinides, particularly for analyses where pellet preparation may not be an option due to hazards or time.
Preliminary Limits of Detection (LODs) Assessment and Reference Material Analysis
For any analytical methodology, LODs are an important figure of merit and commonly discussed for many reasons, particularly when determining an application for the technique. Here, the method detection limit was investigated in order to gain a sense of applicable uses for the technique at Los Alamos National Laboratory. To determine the LOD, Boumans' single point signal-to-background ratio-relative standard deviation of the background (SBR-RSDB) method was employed. 23, 24 This technique for determining LODs is generally used for spectrochemical techniques (i.e., LIBS) where the matrix commonly effects the detection limit due to spectral interferences that may raise the LODs. 23 This is especially crucial in this particular application as the uranium matrix has been previously described as being detrimental to spectroscopic analysis. The SBR-RSDB equation can be seen in Eq. 1 where k is a statistical factor equal to 3, reflecting a 99% confidence interval (generally recommended) and m is the concentration.
Using this calculation, the LODs for the HHLIBS described here were 200, 320, and 130 mg of analyte (Eu, Nd, and Yb, respectively) g À1 matrix. Sample emission spectra from each analyte at different concentrations are depicted in Fig. 6 . While there is a satisfactory correlation between the responses (Fig. 5) , the data also indicate that a high emission signal corresponds to an increase in background signal. This technique shows promise for rapid identification in favor of low-uncertainty quantification. Future methodology will incorporate this technique as a coarse filter to identify materials for more quantitative measurements using ICP-OES-MS.
Using these preliminary LODs, an analysis of a certified reference material was explored. Here, two SRMs, 610 and 612, were analyzed. While REEs are not certified in the glasses, these elements (Eu, Nd, and Yb) were incorporated in the production. A round-robin lead by Jochum 25 confirmed the concentrations of these REEs for the 610 glass 454. 8 HH LIBS system would not be able to detect Nd and Yb in NIST SRM 612 using the calculated methods detection limits. For the SRM 610, it was projected that the REE could be detected as the concentration was above the previously discussed LODs. Additionally, the SRM glass is not prepared in a uranium matrix. Therefore, the analytes should be readily detected due to the lack of matrix interferences. The same methodology was utilized to analyze the SRMs in triplicate and the emission spectra can be seen in Fig. 7 . The set of higher intensity signals represent the analyses of SRM 610 (black-solid) and the lower intensity signals represent the analyses of SRM 612 (red-dashed). The analysis of SRM 610 with the HH LIBS system yielded clean emission spectra with S/B ratios of $ 7 and $ 10 at 420.51 and 328.94 nm for Eu and Yb, respectively. The 421.55 nm peak is probably strontium, which is present in the SRMs. Unfortunately, the calibration constructed with the uranium matrix could not be employed for the NIST glass as the matrices are completely different and nanosecond laser ablation is known to be prone to matrix effects. For quantification, matrix matched standards are recommended. The measurement / signal intensity of the SRM 610 ($0.05% REE) was similar to that of the doped REE in uranium ($1% REE). The primary cause of signal suppression is attributed to the uranium rich matrix versus the glass matrix.
Conclusion
Here, a portable HH LIBS device was employed for the analysis of REEs in a uranium matrix. Collaboration with SciAps engineers allowed for the development of the HH LIBS software to include a suite of elemental emission spectra of interest including uranium. A series of measurements were collected to demonstrate the rapid nature of the technique using a small instrumental footprint that could be utilized in confined environments such as glove boxes and fume hoods. The associated uncertainties and the sensitivity of the method (<1% of analyte in uranium matrix) were satisfactory for the identification of the major elemental constituents. Further processing is required to quantify the elements of interest following identification via this technique. In terms of portability and the rapid identification of the elemental constituents in a complex matrix, this technique shows great promise for a variety of applications. The methodology was also applied to SRM 610 and 612 to demonstrate the validity of the method. Moreover, this HH LIBS methodology seems well suited for performing rapid chemical analysis of nuclear materials, particularly when traditional methods are difficult, to provide a rapid first pass measurement to determine if additional actions are warranted.
